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ABSTRACT: The pandemic outbreak of SARS-CoV-2, with millions of infected patients
worldwide, has severely challenged all aspects of public health. In this regard, early and rapid
detection of infected cases and providing effective therapeutics against the virus are in urgent
demand. Along with conventional clinical protocols, nanomaterial-based diagnostics and
therapeutics hold a great potential against coronavirus disease 2019 (COVID-19). Indeed,
nanoparticles with their outstanding characteristics would render additional advantages to the
current approaches for rapid and accurate diagnosis and also developing prophylactic vaccines
or antiviral therapeutics. In this review, besides presenting an overview of the coronaviruses
and SARS-CoV-2, we discuss the introduced nanomaterial-based detection assays and devices
and also antiviral formulations and vaccines for coronaviruses.
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1. INTRODUCTION

The pandemic outbreak of COVID-19 very quickly led to the
announcement of a global health alert.1 The causing virus was
named 2019 novel coronavirus (2019-nCoV)2 as well as severe
acute respiratory syndrome-related coronavirus 2 (SARS-CoV-
2).3 As of March 12, 2021, approximately all countries have
been infected by this highly contagious virus, with more than
117.7 million clinically detected cases and 2 615 000 confirmed
deaths.4 SARS-CoV-2 infected patients may indicate a variety
of clinical symptoms including fever, fatigue, dry cough,
pneumonia, diarrhea, loss of taste or smell, conjunctivitis,
strokes, leucopenia, and lymphopenia.5,6 The rapid increases in
the number of patients worldwide has created serious pressures
on countries’ health organizations and also economic problems
due to the quarantine. Therefore, emergent attempts for
controlling the virus incidences by rapid diagnosis of the new
cases and finding effective therapeutics are necessary. In this
respect, nanotechnology with its prominent capabilities has
shown promising potential.7−9

Previously, nanotechnology has found numerous applica-
tions in a variety of different biomedical areas including
diagnostic purposes for viral infections.10−14 Zehbe et al.
reported the first study to utilize gold nanoparticles (NPs) in
human papillomavirus (HPV) diagnosis in 1997.15 Since then,
nanomaterials of various compositions, e.g., metallic NPs,16

carbon-based materials,17 up-conversion nanoprobes,18 quan-
tum dots (QDs),19 and magnetic NPs,20 have been widely used
to diagnose viruses. NPs according to their intrinsic
physicochemical properties render additional advantages to

the conventional detection techniques.21 NPs may act as
nanotransducers to detect viral targets through color shifts due
to alterations in localized surface plasmon resonance (LSPR)
wavelengths and also by changing fluorescence emission
intensities. These phenomena are observed at critical sizes
between 1 and 100 nm. NPs also provide a vast surface area to
be functionalized with biomolecules of interest to elevate
detection sensitivity and specificity.22 Therefore, NPs could be
considered a great potential in detecting SARS-CoV-2
infections.
Today, there is a tendency for developing nanoparticulate

formulations that would efficiently elevate the potency of the
vaccination through their prominent characteristics. Indeed,
NPs with tailored physicochemical properties could be utilized
as antigen carriers to display it to the immune system.23

Designing NPs with a proper size and surface charge to
resemble antigenic moieties of viruses is a biomimetic
approach in combatting viral diseases. NPs could preserve
the natural structure of antigen molecules from proteases or
nucleases and provide a sustained and prolonged presentation

Received: December 30, 2020
Accepted: March 17, 2021
Published: March 29, 2021

Reviewwww.acsami.org

© 2021 American Chemical Society
14816

https://doi.org/10.1021/acsami.0c22381
ACS Appl. Mater. Interfaces 2021, 13, 14816−14843

This article is made available via the ACS COVID-19 subset for unrestricted RESEARCH re-use
and analyses in any form or by any means with acknowledgement of the original source.
These permissions are granted for the duration of the World Health Organization (WHO)
declaration of COVID-19 as a global pandemic.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Ali+Derakhshan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amir+Amani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reza+Faridi-Majidi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c22381&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22381?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22381?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22381?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22381?fig=agr1&ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
https://pubs.acs.org/toc/aamick/13/13?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.0c22381?rel=cite-as&ref=PDF&jav=VoR
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://pubs.acs.org/page/vi/chemistry_coronavirus_research
https://pubs.acs.org/page/vi/chemistry_coronavirus_research


of the antigens.24 Thereby, NP-based vaccines hold a great
promise against COVID-19.
As an antiviral strategy, prevention of cell infections by

coronaviruses might be a practical treatment as the virus needs
to enter the cells and use the host cell machinery to reproduce
more viruses. Different studies have shown the ability of
multifarious NPs in avoiding cell transduction of viruses by
inhibiting their binding to cell surface receptors.25−27 More-
over, NPs can interfere with viral replication steps to stop the
infection.28 In this regard, designing NPs that physicochemi-
cally interact with viruses or virus receptors on the target cells
would provide strong antiviral agents.
Despite the immediate need for clinical application of

certain drug remedies against COVID-19, unfortunately, no
specific therapeutic agents have been introduced yet. Drug
discovery/screening approaches using NP-enabled systems
would promote the action. Also, antiviral drug delivery using
NPs could be considered as an efficient strategy for targeted
delivery of drugs leading to decreased therapeutic doses and
therefore related toxicities.29 Accordingly, special studies on
drug discovery and delivery using NPs against SARS-CoV-2
should be conducted.
This review fundamentally introduces and investigates

various strategies for development of nanodiagnostics and
nanotherapeutics against SARS-CoV-2 in four distinct parts.
After giving an overview of the biopathological aspects of
corona viruses and specially SARS-CoV-2, a variety of
bionanosensory platforms are presented and their design and
detection limits are discussed and compared. In the next part,
capabilities of different NPs in vaccine preparation against
SARS-CoV-2 and the rational of their development are
described in the subsections. Then, the potential antiviral
effects of metallic and carbonaceous NPs and related
mechanisms of inhibitory action are considered. Finally, the
prospects for nanodrug discovery/delivery systems against
SARS-CoV-2 are highlighted. We hope that this review gives
inspiration for the development of smarter and more efficient
nanotechnologies against highly contagious SARS-CoV-2 and
other probable future viral threats.

2. CORONAVIRUSES AND SARS-COV-2
Besides SARS-CoV-2, human coronaviruses from the Corona-
viridae family3 are known for two other epidemic outbreaks.
Severe Acute Respiratory Syndrome coronavirus (SARS-CoV,
2002, China) infected 8096 people in 29 countries with a 9.6%
fatality ratio.30 Also, Middle East Respiratory Syndrome
coronavirus (MERS-CoV, 2012) incidences started in the
Kingdom of Saudi Arabia with some cases in other countries.
Subsequently, in 2015, the MERS-CoV epidemic outbreak in
Korea had 1413 cases with an ∼35% death rate.31 Considering
the importance of these viral diseases and probable future
outbreaks, different studies have been conducted, resulting in
the conclusion that a bat was the origin for these viruses.31−33

Also, recently, it was demonstrated that the SARS-CoV-2
shows 96% similarity of its genome to a coronavirus of the
bat,34 and the possibility of a re-emergence of a bat coronavirus
outbreak was forewarned.35 However, there are still some
controversies about the origin and starting point of the
pandemic SARS-CoV-2.
2.1. Coronavirus Structure and Immunopathology.

Coronaviruses are among the positive-sense single-stranded
RNA enveloped ones with polymorphic spherical and elliptic
shapes (50−150 nm, with omission of the spike diameter).36

The nucleocapsid is encapsulated inside the envelope and
contains a large RNA genome (26−32 kb) interacting with
nucleocapsid (N) protein. Spike (S) trimeric glycoproteins
protruded from the bilayer phospholipid of the envelope to
form a crownlike appearance over the virion. Also, envelope
(E) and membrane (M) proteins and hemagglutinin-esterase
(in some coronaviruses) comprise the other protein contents
of the envelope bilayer.37,38 S protein is known as the basic
trigger of host cell infection through attachment to
angiotensin-converting enzyme 2 (ACE2) that is overexpressed
in some organs such as lungs and heart (Figure 1).39,40 It is

Figure 1. Illustration of SARS-CoV-2 entry to the cells, its replication,
and exocytosis processes. Reprinted in part with permission from ref
56. Copyright 2020 American Chemical Society.
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shown that this binding is much stronger (∼10−20 times
more) compared to that of SARS-CoV.41 Consequently,
SARS-CoV-2 more violently infects the epithelial cells of
lungs and manifests its symptoms. Accordingly, the conditions
for patients with underlying cardiovascular disease would be
more complicated. Furthermore, it has been previously
illustrated that dipeptidyl peptidase 4 (DPP4 or CD26) serves
as a receptor for the S1 domain of the spike glycoprotein in
MERS-CoV.42

Coronaviruses may invade the target cells and internalize by
different mechanisms. It is known that besides binding of the
S1 domain to its receptor, S2 anchors the virus to the host cell
membrane and facilitates its fusion.43,44 The fusion process
requires a cleavage between the S1 and S2 domains and also
another one inside the S2 domain known as the S2′
position.45,46 It is proposed that inhibitors of pro-protein
convertases such as furin (that overexpresses in the lungs and
has a cleavage point in spikes of SARS-CoV-2) may potentially
render antiviral functionality.47 Moreover, endocytic pathways
including clathrin-dependent/-independent and caveolae-in-
dependent mechanisms would also be responsible for virus
entries.48,49 In this regard, chloroquine, a well-known
antimalaria drug, was proposed to diminish SARS-CoV-2
infectivity as it suppresses the clathrin-dependent endocytosis
of the cells.50 Recently, Mazzon et al. have reviewed different
therapeutic strategies to avoid viral entries into the host cells.51

Upon the release of viral RNA into the cytoplasm of infected
cells, translation begins that leads to the formation of RNA-
dependent RNA polymerase. Replicase activity of this enzyme
produces subgenomic mRNAs that is afterward translated into
other structural and nonstructural proteins of the virus. Then,
genomic RNA and N protein generate the nucleocapsid for
viral assembly in the endoplasmic reticulum-Golgi intermediate
compartment (REGIC) followed by budding from the cell.52

The newly formed viruses spread all over the body fluids that
could be used for diagnostic examinations.
After infection of alveolar epithelial cells with SARS-CoV-2,

the pyroptosis process occurs that leads to the death of lung
cells at highly inflammatory conditions.53 As an inflammatory
cytokine, IL-1β triggers infected cell pyroptosis. Thereafter,
pathogen-associated molecular patterns (PAMPs) of SARS-
CoV-2 and also damage-associated molecular patterns
(DAMP) of pyroptotic cells could be recognized by adjacent
alveolar macrophages and epithelial cells. Subsequently,
proinflammatory cytokines such as IL-6, MIP1α, and MIP1β
are produced. Release of cytokines would result in recruitment
of macrophages and T lymphocytes to the inflammation site.
Further, in a feedback response, T cells release the IFNγ5.54 All
of these processes lead to more recruitment of immune cells to
the infected tissue causing an extreme inflammatory environ-
ment that damages the lungs. Moreover, an enhancement in
SARS-CoV-2 infectivity in an antibody-dependent manner
might occur after release of non-neutralizing antibodies by
activated B cells.54,55

Also, specialized cells in the innate immune system such as
antigen presenting cells (APC) express a variety of specific
receptors, i.e., toll-like receptors (TLRs),57 cytosolic NOD-like
receptors,58 and RIG-like receptors,59 for PAMP recognition.
Once infected with coronaviruses, APCs also present viral
antigens to T lymphocytes to activate adaptive immune
responses.38 Previously, it was illustrated that major histo-
compatibility complex class I (MHC I) is basically involved in
SARS-CoV antigen presentation.60 However, the recent

investigations illustrated that SARS-CoV-2 patients show a
significant decrease in number of CD8+ and CD4+ T
lymphocytes61 that may result in a weaker cellular immunity
against COVID-19.
Moreover, humoral immunity could also be activated after

recognition of the viral antigens by B lymphocytes.62

Anticoronavirus IgM and IgG are produced and secreted by
B cell effectors (plasma cells) after infection.63 Recently, it has
been suggested that plasma donation by recovered patients
could efficiently help treatment of COVID-19.64,65

3. DIAGNOSTICS FOR CORONAVIRUSES

Various techniques have been utilized to detect the viral
infections and measure the amount of viral genetic materials,
antigens, or secreted neutralizing antibodies.66−68 Among
different techniques to confirm the SARS-CoV-2 infected
patients, real time RT-PCR is utilized as a validated gold
standard approach in accordance with its previous usage in
MERS-CoV detection.69 Through RT-PCR, viral RNA is
extracted and then amplified using target genetic primers. The
design of appropriate primers, which prevents cross-reactivity
with genetic materials of other viruses, determines the accuracy
of PCR analyses. It is reported that the sensitivity and
specificity of RT-quantitative PCR (RT-qPCR) to diagnose
SARS-CoV-2 RNA is 0.14 copy/μL and 96−100%, respec-
tively.70 The process could be performed in 2−4 h. Despite the
wide usage of PCR-based techniques, there are several
drawbacks associated with these approaches including
limitations in instrument and trained experts and being time-
consuming and expensive. Also, as a consequence of incorrect
sampling, inadequate viruses, or genetic sequence mismatch of
probes and targets, false-negative results may be reported in
some cases.71 In addition, serologic tests have been developed
to analyze the presence of IgM and IgG serum antibodies
produced to neutralize SARS-CoV-2 antigens.66 IgM, as the
first defense antibody, and also specific antiviral IgG could be
found in serum a week and at 10 days after the onset of
COVID-19, respectively.72 However, regarding the time
needed for induction of antibodies, it seems that serologic
tests would be more appropriate for widespread screening of
infected individuals but not for early detection. In contrast,
RT-PCR-based approaches demonstrate priority over serologic
tests by detecting SARS-CoV-2 RNA at the first day of
symptom manifestations.73 Also, it should be noted that the
incubation period of the virus in patients before manifestation
of symptoms is around 4−5 days.74 To fulfill the process with
success, the higher amount of viral load could be found in
pharyngeal specimens and a very low amount in blood
serum.75

Moreover, a high-resolution CT scan has been introduced
for detection of COVID-19 patients.76,77 However, providing
the indiscernible images to be distinguished from other
pneumonias, in addition to its limitations and expenses, call
for an urgent demand to develop simpler and cheaper rapid
diagnostics. In recent years, some researchers and companies
attempted to introduce novel nanodiagnostics for early
sensitive detection of viral infections. These nanobased
point-of-care devices would provide widespread availability
for much lower prices and rapid virus diagnosis in smaller
volumes of samples. Also, some of these test devices could be
applied by individual users at home, which provides better
compliance and lesser risk of hospital cross-infections. Herein,
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we focus on special studies that suggest nanobased coronavirus
sensing approaches (Table 1).
3.1. Gold Nanoparticles/Nanostructures in Diagnosis

of Coronaviruses. 3.1.1. Lateral Flow Assays (LFA).
Developing plasmonic nanosensors using LSPR-based nano-
structures and mostly gold NPs has been one the most
considered strategies. The LSPR in metallic NPs refers to the
collective oscillations of the free conduction electrons after
being irradiated with a light of nearly the same frequency as
that of electron oscillations. Indeed, LSPR is expected when
particle dimensions are lower than the wavelength of the
incident light.78,79 LSPR-presenting NPs have found wide
applications in biomedical fields due to their characteristics
including special size-dependent optical properties, excellent
stability, large surface area for chemical modification/
biomolecule conjugation, and also their biocompatibil-
ity.22,80−82 Intense absorption of visible or near-IR wavelengths
represents their special color range that could be utilized in
designing plasmonic nanosensors.83 Also, their surface could
be modified with viral antigens, including genetic materials,
structural proteins, or antibodies against viruses, as follows.
Developing a variety of different paper-based assays and

immunoassays has been considered to provide rapid and
selective point-of-care devices to detect SARS-CoV-2 particles
or antiviral neutralizing antibodies. The assays are mostly
qualitative but some studies have tried to present quantitative
data. The lateral flow immunoassays (LFIAs) could specially
diagnose the existence of serum antibodies induced against
SARS-CoV-2 antigens (Table 1). As mentioned before, IgM
antibody against SARS-CoV-2 could be found in serum around
7 days after viral infection while specific antiviral IgG could be
detected around 10 days after infection.72 In this regard, Li et
al. developed a LFIA to detect anti-SARS-CoV-2 IgM and IgG
in sera samples of infected patients.84 In their rapid-test
strategy, the recombinant receptor binding domain of S
Protein (MK201027) was used as an antigen and immobilized
on the Au NPs. The nitrocellulose membrane was modified
with antihuman IgM and IgG and also antirabbit IgG (as a
control sample) in three separate lines. Formation of each of

the first and second red/pink lines on the strip indicated the
presence of anti-COVID-19 IgM and IgG, while the last line
was considered as the control (Figure 2a). The results of
testing blood samples of patients, previously investigated by
PCR in clinics, indicated a notable sensitivity and specificity
(88.66% and 90.63%, respectively) for this Au NP-assisted
rapid-test detection device. According to the WHO guidelines
for diagnosis, SARS-CoV-2 rapid tests should reach a
sensitivity and a specificity of over 80% and 97%,
respectively.85 In a similar design, Liu et al. utilized Au NPs
(hydrodynamic size, 40 nm) conjugated to ncov-ps-Ag8 (a
recombinant nucleo-capsid antigen).86 The authors reported
sensitivity and specificity of this rapid test to be 95.85% and
97.47%, respectively. The difference in the sensitivity of these
two reported LFIAs may be attributed to the type or quality of
the utilized recombinant antigens for diagnosis of
SARS-CoV-2.
A different approach was followed by Wen et al. to diagnose

anti-SARS-CoV-2 IgG in sera samples. The test line was coated
with nucleocapsid proteins.87 Then, mouse antihuman IgG-Au
NP conjugates (Au NPs with average diameter of 30 nm) were
synthesized as the probes. Also, the control line was coated
with goat-antimouse IgG. Such a LFIA rapid test could provide
sensitivity and specificity of 69.1% and 100%, respectively. In
an identical design, Huang et al. developed a LFIA to detect
anti-SARS-CoV-2 IgM in very small volumes of serum samples
(10−20 μL).88 This rapid test could reach the sensitivity and
specificity of 100% and 93.3%, respectively, in 15 min.
Designing rapid-tests to detect anti-SARS-CoV-2 IgM would
be more beneficial in early detection of the infection. However,
developing LFIA with dual test lines for IgM and IgG is more
advantageous.
In an interesting strategy, Baker et al. introduced a paper-

based LFA to diagnose the presence of SARS-CoV-2 in
samples (Figure 2b,c).89 As it is known that binding to sialic
acid is an important part of coronavirus infectivity,90 its
derivative was used in designing the present rapid test.
Through the study, the authors found that α,N-acetyl
neuraminic (NAcNeu) acid is capable of special attachment

Table 1. Nanoparticle-Based Diagnostics for Coronavirus Detection

virus detection platform nanostructure analyte
sensitivity

(%)
specificity

(%)
detection
limit

detection time
(min) ref

SARS-CoV-2 LFIA AuNP (40 nm) IgM and IgG 88.66 90.63 15 84 (2020)
SARS-CoV-2 LFIA AuNPs (40 nm) IgM and IgG 95.85 97.47 15 86 (2020)
SARS-CoV-2 LFIA AuNPs (30 nm) IgG 69.1 100 15−20 87 (2020)
SARS-CoV-2 LFIA AuNPs (30 nm) IgM 100 93.3 15 88 (2020)
SARS-CoV-2 LFIA SiO2@Au@QD

nanobeads
IgM and IgG 100 100 15 132 (2020)

SARS-CoV-2 LFIA selenium NPs IgM and IgG 93.33 97.34 10 138 (2020)
SARS-CoV-2 LFA NeuNAcPHEA50@

AuNP
virus particle 5 μg/mL 30 89 (2020)

SARS-CoV-2 FLISA IgG-coupled QDs IgM and IgG 4 pg/mL 15 131 (2020)
MERS-CoV paper-based

colorimetric assay
AgNPs (19 nm) DNA strand 1.53 nM 97 (2017)

MERS-CoV colorimetric assay AuNPs DNA strand 1 pmol/μL 10 98 (2019)
SARS-CoV-2 colorimetric assay AuNP (<60 nm) SARS-CoV-2

RNA
0.18 ng/μL 10 99 (2020)

SARS-CoV SPR-based chip
biosensor

Au patterns on a chip antibody 200 ng/mL 10 105 (2009)

MERS-CoV chip-based sensor Au NPs on carbon
electrodes

antibody 1.0 pg/mL 20 107 (2019)

SARS-CoV LSPCF fiber-optic
biosensor

AuNP-protein A antibody ∼1 pg/mL 119 (2009)
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to SARS-CoV-2 spikes over the SARS-CoV. Therefore,
NeuNAcPHEA50@AuNP probes with diameters of 16 or 35
nm were synthesized. PHEA (poly N-hydroxyethyl acrylamide)
was utilized as a capping agent of NPs due to its resistance to
hydrolyze.91 Decorating NPs surface with NAcNeu would
result in higher avidity to the target proteins compared to free
NAcNeu molecules.92 The prepared glycan-based LFA
illustrated a detection limit of 5 μg/mL of viral S protein.
This study also showed that NPs of 35 nm could lead to
stronger diagnosis of the antigens within 30 min. The rapid-
test approaches that detect the presence of viral particles or
subunits are more advantageous than assays that diagnose
antiviral antibodies. As mentioned before, antibodies against
SARS-CoV-2 need some days to be produced and presented in
serum samples; however, the viral particles could be detected
upon their presence in body fluids.
3.1.2. Colorimetric Nanosensors for Diagnosis of

Coronaviruses. As mentioned before, metallic Au or Ag NPs
support fabrication of reliable rapid colorimetric sensors,
responsive to the existence/absence of the analyte (Table 1).
Au NPs could be utilized in preparing colorimetric diagnostics
basically by two separate strategies.14 In a color-labeling

approach, red Au NPs tag the analyte of interest to be
identified.93,94 In the second technique, the red Au NPs shift to
bluish due to NPs aggregation (after matching of the probe
and targets) or, further, as a result of imposing instability (after
salt addition).95,96 In the approaches that use viral genetic
materials, a pre-extraction process is required. Previously, with
the outbreak of MERS-CoV in 2015, researchers attempted to
propose novel colorimetric nanosensors for coronavirus
detection. Teengam et al. suggested a paper-based colorimetric
assay utilizing Ag NPs and a pyrrolidinyl peptide nucleic acid
(acpcPNA) probe to detect complementary DNAs of the
virus.97 Citrate-stabilized Ag NPs (having negative charges)
aggregated after addition of positively charged acpcPNA due to
its electrostatic interactions with the NPs. Consequently, a red-
shift of the color was observed, which also occurred when the
DNA analyte was not complementary. Inversely, with a
complementary target, the probe and DNA formed a double
stranded structure; thus, anionic Ag NPs dispersed well and
exhibited their yellow color.
In another investigation, a colorimetric LSPR-based sensor

was designed to detect the presence of MERS-CoV genes in
the sample.98 In this system, the detector molecules were
thiolated at one of their 5′ or 3′ ends and could hybridize with
the upstream regions of the genes of MERS-CoV E protein and
open reading frame 1a. In the absence of target DNA, the color
change occurred when thiol-ssDNA probes bound to the Au
NPs surface that would aggregate after becoming unstable by
addition of MgCl2 salt (Figure 3a). When the MERS-CoV
DNA was present, it self-assembled into double stranded DNA
with probes, forming disulfide bonds which interacted with the
Au NPs surface. Hence, formation of dsDNA coverage
stabilized the NPs and no color change was observed after
salt addition (Figure 3b).98 Recently, Moitra et al. developed a
colorimetric Au NP-based assay to detect the gene of SARS-
CoV-2 N protein (Figure 3c).99 The NPs were conjugated
with thiol-modified antisense oligonucleotides (NP hydro-
dynamic size, <60 nm). Using such a system, SARS-CoV-2
RNAs were diagnosed in 10 min. In the presence of desired
viral RNA, RNA−DNA hybrids were formed leading to the
aggregation of Au NPs, changing their SPR. Moreover,
RNaseH was added to the hybridized sample resulting in
cleavages inside the RNA sequence. Consequently, a
precipitate of the aggregated NPs could be observed by the
naked eye. The obtained nanobiosensor revealed selectivity
over RNA samples of MERS-CoV, and the limit of detection
was reported to be 0.18 ng/μL.
A different colorimetric strategy that does not require

genetic materials for rapid detection of SARS-CoV-2 is studied
by Della Ventura et al.100 Such a system would rapidly detect
the presence of viruses in throat and nasal samples. Utilizing 20
nm Au NPs conjugated with antibodies against S, E, and M
proteins of the SARS-CoV-2, a red-shift occurred in the
presence of the virus in minutes. Sensing the existence of a
viral particle, such a system would be more interesting than
approaches that require viral genome extraction or amplifica-
tion. The sensitivity and specificity of the proposed nano-
biosensor is reported to be higher than 95%. Compared to the
threshold cycle (Ct) in real time PCR, the results of prepared
colorimetric assay illustrated that viral loads diagnosed by Au
NP sensor correspond to Ct = 36.5. It is noteworthy to
mention that Ct = 36.5 shows a very low amount of viral load
in which its infectivity is probably insignificant.101 Indeed, the
strong diagnosis of the virus could be attributed to the

Figure 2. (a) Scheme of lateral flow rapid-test for diagnosis of plasma
IgM and IgG against SARS-CoV-2 utilizing Au NPs. Reprinted in part
with permission from ref 84. Copyright 2020 John Wiley and Sons.
(b) Scheme of glyco-lateral flow assay and (c) glyco-NP synthesis.
Reprinted in part with permission from ref 89. Copyright 2020
American Chemical Society.
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appropriate conjugation of the antibodies to the NP surface by
the photochemical immobilization technique (PIT). In PIT,
UV-activated antibodies decorate the NP surface densely in
minutes.102

3.1.3. Chip-Based Nanosensors for Diagnosis of Corona-
viruses. For a sensitive, specific, and rapid detection of
coronaviruses and also antigen measurements, chip-based
platforms using plasmonic sensors have been developed
(Table 1). These detection systems benefit from their
propagating surface plasmon polariton (SPP) with/without
LSPR modes.78 The SPP refers to the surface plasmon
oscillations on a metallic thin film (with a thickness of ∼40
nm) that result in wave propagation at the interface of the
surface and surrounding medium.78,103 The planar SPP-based
nanosensors would sense alterations in the refractive index of
the ambient medium after surface attachment of the target
molecules. The applicability of chip-based sensors for various
detection purposes including viral diagnosis has been
investigated by different studies.13,78,104 Although, the number
of reported coronavirus explorations on these platforms is
limited, they hold great promise for sensitive and specific
detection applications. The first attempt to detect SARS-CoV
was conducted by Park et al., 2008, some years after its
outbreak.105 A gold-micropatterned chip was fabricated
utilizing photolithography on a glass slide to prepare round
gold structures of 40 nm height and 50 μm in diameter.

Thereafter, the chip was dip-coated with a fusion protein
containing gold binding polypeptide (GBP) and SARS-CoV
membrane-envelope (SCVme) protein (Figure 4). In the
system, the SCVme served as a ligand to be attached by anti-
SCVme antibody. The self-assembly of fusion proteins on the
gold structures was demonstrated by SPR analyses which
provided selective and specific rapid diagnosis of anti-SARS
antibodies (see Table 1).
As an alternative diagnosis approach, the applicability of

integrating microfluidic chips in electrochemical nanobiosen-
sors has been previously investigated for detecting H1N1
influenza virus.106 Accordingly, to detect MERS-CoV and
human coronavirus (H-CoV) antigens, Layqah et al. suggested
an array of immunosensors on a chip for multiplexed viral
sensing.107 Through the study, carbon working electrodes were
electrodeposited by Au NPs (50 nm) then, chemically
bioconjugated to the viral antigens including MERS-CoV
recombinant S protein S1. Au NPs would help boost electron
transfers on an augmented surface area108 along with
facilitating conjugation of more biomolecules for a stronger
detection capability. The findings for an indirect competitive
voltammetric diagnosis of free viruses and surface bound
antigens, after addition of related antibodies, illustrated that
the resultant system could be considered as a rapid and
accurate assay with selectivity for MERS-CoV antigen
compared to influenza A and B.107

Figure 3. (a) Aggregation and color change of Au NPs after addition of salt in the absence of targets, in colorimetric detection of MERS-CoV
related DNA sequence and (b) dsDNA shield forming on the surface of Au NPs in the presence of target sequences with no color shift after salt
addition. Reprinted in part with permission from ref 98. Copyright 2019 American Chemical Society. (c) Scheme for the naked-eye SARS-CoV-2
detection assay based on Au NPs. Reprinted in part with permission from ref 99. Copyright 2020 American Chemical Society.
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As mentioned before, molecular diagnosis of SARS-CoV-2

utilizing RT-PCR is now a standard method. However, it

requires developing novel systems to decrease the processing

time especially for its thermal cycles.109 To speed up the

process, the application of plasmonic photothermal capabilities

of Au nanostructures may be promising.110,111 Indeed,

excitation of surface electrons of Au NPs by near-IR irradiation

could produce heat around the particles. In a recent study, Lee

Figure 4. (a) Schematic representation of the nanoplasmonic chip surface-modified with a fusion peptide containing GBP and SCVme for
detecting antibodies against SARS-CoV. (b) AFM image of Au micropatterned chip conjugated with antigen and anti-SCVme. SPR sensograms for
(c) sensitive detection of SCVme antibody (0.1, 1.0, 10, 50, and 100 μg/mL) and (d) selective detection over mouse IgG (0.1 and 10 μg/mL) as a
control. Reprinted in part with permission from ref 105. Copyright 2009 Elsevier.

Figure 5. (a) Schematic representation of the nanoplasmonic chip sensor with pillar arrays containing Au nanoislands and the heating/cooling
processes of a sample of PCR mixture after on/off LED illumination. (b) Schematic representation of ultrarapid PCR on nanoplasmonic chip
sensor. (c) Ultrarapid PCR cycles by the photothermal effect of LED illumination on the sensor. (d) Optical image of a wafer substrate having
multiwell arrays of PDMS. Reprinted in part with permission from ref 112. Copyright 2020 American Chemical Society.
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et al. have developed a nanoplasmonic chip for an ultrarapid
PCR to amplify cDNA of MERS-CoV.112 To achieve the
related chip, a borosilicate wafer was surface decorated with
silver islands, followed by reactive ion etching to make glass
nanopillars. Thereafter, gold nanoislands (10−50 nm thick)
were shaped on the upside and sidewalls of the glass structures
(Figure 5). Considering high expenses of a laser system,
applying a white light emitting diode (LED) on the chip was
proposed to elevate the temperature of the sample containing
the PCR mixture via photon−electron−phonon interactions.
Turning the LED off resulted in a fast loss of the heat and chip
cooling. The findings showed the capability of obtained
plasmonic-chips to fulfill 30 PCR cycles of sample heating and
cooling (between 98 and 60 °C) in only 210 s. Very recently,
in an investigation for diagnosis of SARS-CoV-2, a chip-based
sensor containing Au nanoislands was utilized.113 The Au
structures were surface-conjugated with thiol-DNA sequences
complementary to a sequence of the viral gene. In such a
system, laser illumination at LSPR frequency could generate
heat which helped discriminate SARS-CoV-2 sequences from
SARS-CoV. Indeed, the complementary genomic sequence of
SARS-CoV could partially hybridize with the DNA probe on
the Au nanoislands at ambient temperature. Rising the
temperature resulted in dissociation of these sequences in
spite of SARS-CoV-2 and subsequent detection by the LSPR
sensor.
Recently, Funari et al. designed an opto-microfluidic chip

sensor containing a glass substrate coated with Au nano-
spikes.114 Electrodeposition was utilized to cover the surface by
Au spikes, and a reflection probe was applied to diagnose the
existence of antibodies against SARS-CoV-2 S protein in
plasma samples. In this respect, a peptide of viral S protein was
immobilized on the nanospikes for specific detection. The
sensor performed the process within 30 min with a detection
limit of about 0.08 ng/mL. Regarding the serum concentration
of neutralizing antibodies in convalescent patients (in the
range of mg mL−1), the detection limit of the obtained sensor
is notable.115,116 Also, regarding the above-mentioned lateral
flow and colorimetric assays with detection limits in the range
of μg/mL and ng/μL, respectively, these chip-based sensors
represent much higher sensitivity. However, the antibody
detection approach and especially diagnosis of IgG is
associated with the problem of delayed production of
antibodies against viral antigens. A better strategy could be
the detection of IgM antibodies along with IgG.
Another sensory chip-based device has been introduced by

Shan et al. to detect SARS-CoV-2 infected patients. The recent
findings illustrated that some volatile inorganic compounds
(VOCs) could be found in the exhaled breath due to the
existence of viruses inside the body.38,117 In this regard, a
portable hand-held device containing eight sensors to detect
SARS-CoV-2 related VOCs in patient breath was devel-
oped.118 In that sensor, Au NPs (3−4 nm) were stabilized by a
variety of different organic ligands. The functionalized layer
responded to the presence of VOCs through swelling or
shrinkage, consequently, leading to electric resistance changes.
Indeed, exposure to the VOCs and their diffusion into the
organic film caused a change in Au NP-derived electrical
conductivity that could be measured and analyzed to detect
infected ones. The approach demonstrated sensitivity and
specificity of 100% and 61%, respectively.
3.1.4. Fiber-Optical Sensors. In a different study, a localized

surface plasmon coupled fluorescence (LSPCF) fiber-optic

biosensor was prepared to compare its sensitivity of SARS-
CoV N protein detection to the routine ELISA test.119

Previously, applicability of this type of biosensor in the
diagnosis of mouse IgG and human serum alpha-fetoprotein
with detection limits of 1 pg mL−1 and 0.1 ng mL−1,
respectively, had been illustrated.120 Therefore, in comparison
to other sensory platforms, LSPCF would provide more
sensitive detection. In this respect, in the study of Huang et
al.,119 anti-N protein antibodies were chemically conjugated to
the surface of the declad optical fiber of poly(methyl
methacrylate) (PMMA). After incubation with the analyte,
the secondary antibody labeled with fluorophore (DyLight
649) and bound to the Au NP-protein A was added. The
results showed that the obtained sensor with a detection limit
of ∼1 pg mL−1 could be 104 times more sensitive than ELISA
for diagnosis of coronavirus protein (Table 1).

3.2. Magnetic Nanoparticles in Coronavirus Diag-
nosis. Magnetic nanoparticles (MNP) have been utilized in
different biomedical applications and specially in magnetic
sensing during the past 2 decades. The prominent magnetic
and more specifically superparamagnetic properties along with
the intense signal due to the slight background noise in
biological specimens makes MNPs interesting materials for
biosensing.121 In magnetic nanosensors, MNPs could be
decorated with antibodies or oligonucleotide probes (RNA/
DNA sequences) special to the target analytes. As mentioned
before, PCR-based techniques are the gold standard diagnosis
methods to detect infected patients. In this regard, MNPs have
been previously used in viral RNA extraction process.122 Also,
silica-coated superparamagnetic nanoparticles linked to
oligonucleotide probes have been used in an efficient SARS
CoV cDNA separation in the PCR technique.123,124

Furthermore, magnetic separation was followed after the
amplification process, and finally, silica-coated fluorescent
nanoparticles helped in the detection of resultant amplified
cDNAs (limit of detection, 2 × 103 target cDNAs).123

Very recently, MNPs-enabled lateral flow immunoassay has
been developed for rapid test SARS-CoV-2 detection.
Compared to the qualitative gold NP-based lateral flow assays,
MNP-enabled ones would provide quantitative diagnosis of
viral infections. Shen et al. synthesized Fe3O4 magnetic beads
of about 220 nm in diameter decorated with goat-antihuman
IgM mu and goat-antihuman IgG Fc chain antibodies.125 The
rapid test was designed to detect serum anti-SARS-CoV-2 IgM
and IgG within 15 min. The analyses of clinical samples
demonstrated an accuracy rate of over 90% for these lateral
flow tests.

3.3. Quantum Dots (QDs) in Diagnosis of Coronavi-
ruses. QDs as crystalline semiconductor nanoparticles in the
range of 1−10 nm exhibit their notable optical properties.126

Indeed, these nanoparticles render more advantages over
conventional fluorophores owing to their tunable fluorescence
according to the particle size and composition, having high
quantum yield, stability against photobleaching, and multi-
plexed imaging capabilities.126 All of these significant proper-
ties introduce QDs as proper probes in biosensing and
molecular imaging. Previously, QD-labeling of the enveloped
viruses has been proved as a practical approach to investigate
the cell internalization mechanisms.127 Furthermore, QDs
could be used in developing a variety of fluorescence (Förster)
resonance energy transfer (FRET)-based sensors.128 In such
systems, the energy of excited electrons in donor QDs could be
transferred to an acceptor fluorescent molecule or particle.
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Alternatively, it is possible to have gold NP as an acceptor in
the energy transfer process that leads to quenching of the QD
fluorescence.129 Very recently, Gorshkov et al. developed a
FRET-based nanosensor to analyze the interactions of SARS-
CoV-2 with ACE2 of the target cells (Figure 6a).130 In their
sensor, QDs were decorated with the receptor binding domain
(RBD) of SARS-CoV-2 S protein. In the presence of acceptor
ACE2-functionalized Au NPs and upon binding, FRET
occurred leading to QD fluorescence quenching. The presence
of neutralizing antibodies against RBD or a recombinant
protein containing ACE2 and Fc of IgG1 inhibited the close
contact of QD and Au NP and, consequently, fluorescence
quenching. Their results support the idea of using QDs in
developing antiviral inhibitors. The authors further illustrated

the dynamin/clathrin-dependent endocytosis of RBD-QDs
through ACE2 receptors that shows the capabilities of these
nanoparticles in molecular imaging and tracking.
Guo et al. reported a fluorescence-linked immunosorbent

assay (FLISA) using QDs to detect human anti-SARS-CoV-2
IgG.131 In such a sandwich diagnosing technique, mouse
antihuman IgG-conjugated Fe3O4 nanospheres, and rabbit
antihuman IgG-coupled QDs were utilized. Upon presence of
the anti-SARS-CoV2 human IgG, the nanoparticle-based
sandwich complex would be formed and the fluorescence
intensity could be analyzed after magnetic separation. The
results demonstrated a detection limit of 4 pg/mL and showed
no significant differences with results of conventional ELISA
assays. Compared to the Au NP-based lateral flow and

Figure 6. (a) Schematic illustration of FRET-based sensor composed of QD-RBD and Au NP-ACE2 and (b) scheme for an imaging system to
investigate interactions of QD-RBD with ACE2 receptors on target cells. Reprinted in part with permission from ref 130. Copyright 2020 American
Chemical Society. (c) Scheme for a dual-mode LFIA using S protein-conjugated SiO2@Au@QD NPs. Reprinted in part with permission from ref
132. Copyright 2020 American Chemical Society. (d) Scheme for a nanozyme-based LFA. Reprinted in part with permission from ref 133.
Copyright 2021 Elsevier.
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colorimetric assays, the proposed FLISA demonstrated more
sensitivity.
In a different SARS-CoV-2 detection approach, Wang et al.

developed a colorimetric-fluorescent dual-mode lateral flow
immunoassay using QD nanobeads (Figure 6b).132 They
synthesized SiO2@Au@QD nanobeads conjugated with SARS-
CoV-2 S protein. The strips containing two test lines (human
IgM and IgG) and one control line demonstrated rapid
diagnosis (within 15 min) for a little sample volume of 1 μL.
The results illustrated 100-fold more sensitivity of this lateral
flow assay compared to that of gold NP-based ones. In such
approach, along with colorimetric detection of infected
patients, the concentration of serum anti-SARS-CoV-2 IgM
and/or IgG could be quantitatively measured by the
fluorescence of QDs. The reported assay showed sensitivity
and specificity of 100% in SARS-CoV-2 diagnosis (Table 1).
The results demonstrate the priority of QD-based lateral flow
assays over Au NP-based ones.
3.4. Other NPs in State-of-the-Art Assays for SARS-

CoV-2 Detection. Liu et al. reported a nanozyme-based
chemiluminescence paper strip test (Figure 6d).133 Nanozyme
refers to the NPs with intrinsic catalytic capabilities134 and
could be utilized to amplify the signals in reactions.135

Through the reported study, the NP performed the function
of natural horseradish peroxidase (HRP). Anti-RBD antibody-
conjugated Co−Fe@hemin-peroxidase nanozymes were syn-
thesized and the test line and control line on the strip were
coated with anti-RBD and anti-IgG antibodies, respectively. In
the presence of RBD of SARS-CoV2 S protein, the sandwich
complex containing nanozyme would form at the test line that
could be detected. Moreover, addition of luminol substrate in
the presence of H2O2 at alkaline conditions resulted in
production of chemiluminescence signals due to the high
catalytic activity of the nanozyme. Nanozymes with diameters
of 50 and 80 nm showed better catalytic activities compared to
160 nm ones. The findings demonstrated high specificity of the
rapid test for SARS-CoV-2 S protein. The limit of detection
was 0.1 ng/mL that is much better than Au NP-based lateral
flow and colorimetric assays but lower than QD-based strip
assays.131

Conventional lateral flow assays are mainly qualitative
approaches for detection purposes with no quantitative
capabilities. As mentioned before, fluorescent nanoparticles
such as QDs could be efficiently utilized in analyte
quantifications. Indeed, fluorescent nanoparticles render
advantages of stability against photobleaching and high
quantum yield over conventional dyes.136 In this regard,
another optical NP-based lateral flow immunoassay is recently
developed by Chen et al. for detection of human anti-SARS-
CoV-2 IgG.137 The authors synthesized lanthanide-doped
polystyrene NPs conjugated to either of mouse antihuman IgG
or rabbit IgG. The test line on the strip was coated with
recombinant SARS-CoV2 nucleocapsid phosphoprotein, and
the control line contained the goat antirabbit IgG. Then, 10
min after loading of the 100-μL serum sample, the strips were
located in a fluorescence reader to measure the fluorescent
intensity. Besides assaying the positive samples from RT-PCR,
12 RT-PCR negative samples were also analyzed that
illustrated that 1 patient was anti-SARS-CoV-2 IgG positive.
It demonstrates that the prepared assay could be considered as
a rapid and sensitive test in diagnosis.
In another design, Wang et al. prepared a LFIA rapid test

using selenium NPs (Se NPs) for diagnosis of human anti

SARS-CoV-2 IgM and IgG from serum samples.138 In their
rapid-test, nucleoprotein-His tag-conjugated Se NPs were
synthesized. Previously, Se NPs have been reported to be
more sensitive and stable probes for LFIA compared to that of
Au NPs.139 In the prepared strip, two separate test lines were
coated with antihuman IgM and antihuman IgG, and also, the
control line contained anti His-tag antibodies. The limits of
detection for human serum IgM and IgG were 20 ng/mL and 5
ng/mL, respectively, with specificity and sensitivity of 97.34%
and 93.33%, respectively.

4. NANOPARTICLES FOR ANTI-CORONAVIRUS
THERAPEUTICS

Table 2 lists the NPs utilized as medicines against coronavirus
infections. Applications of NPs in developing anti-SARS-CoV-
2 medicines could be divided into four groups: (1) potential
NP vaccines, (2) antiviral NP agents suppressing the infectivity
of the viruses, (3) NP-based drug discovery, and (4) NP-based
antiviral drug delivery systems.

4.1. Nanoparticle-Based Vaccines for Coronaviruses.
Today, the genomic sequence of SARS-CoV-2 is available and
provides a great opportunity in production of viral antigens
and engineering recombinant peptides for vaccine applica-
tions.140 According to the previous experiments on SARS and
MERS-CoV, full-length S protein or its special domains such as
RBD could be utilized for SARS-CoV-2 vaccine preparations.
Generally, these antigens induce humoral immunity, and
therefore, their neutralizing antibodies could be detected in the
sera of infected patients.141

Despite all progress in the field of vaccine development,
preparing vaccines that simultaneously induce strong humoral
and also T cell-based immune responses with no adverse
effects is highly needed. Generally, vaccines include inacti-
vated, attenuated, or viral vector vaccines.142 Inactivated
vaccine refers to the viruses (or their fractions) killed by
chemical or thermal treatments. The live-attenuated vaccines
are comprised of live nonvirulent viruses. As inactivated viruses
have lost their reproducibility, the related vaccines are
considered to be safer compared to live-attenuated ones.
However, both formulations need cool chain requirements for
distribution that makes difficulties for its global availability in
the age of pandemic disease.143 In addition, the immunization
responses of another proposed vaccines, i.e., adenoviral vector
ones, may be limited in some cases due to previously present
immunity.143 Alternatively, DNA/RNA vaccines are proposed
that benefit from rapid development and safe application.
Antiviral immunization of these vaccines elicits both humoral
and cellular responses, especially with activation of cytotoxic T
cells.144 An update to the SARS-CoV-2 vaccine candidates is
provided by the WHO.145

To upgrade immunization efficacy, NPs of different designs
and compositions hold great promise, and therefore, viruslike
particles (VLPs), polymeric NPs, self-assembled protein
structures, inorganic NPs, and lipid NPs have been introduced
for preparation of coronavirus vaccines (Table 2). These NP-
based vaccines are expected to either show intrinsic antigenic
properties, be loaded with SARS-CoV-2 antigens, or both
functions. Indeed, some NPs such as VLPs, lipid NPs, and Au
NPs may serve as costimulatory (adjuvant) agents.146−148 Also,
polymeric or self-assembling protein NPs could encapsulate
and preserve antigens against early biodegradation and
elimination.24,149 Moreover, NPs would be targeted toward
the immune cells for enhanced responses. VLPs obtained from
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human viruses inherently target special cells and also could be
actively targeted by surface-conjugation with targeting
moieties.150 Active-targeting of dendritic cells by NPs is
another interesting strategy for an effective stimulation of
cellular immunity.151−153 NP-based vaccines could be used to
preferentially deliver antigens and costimulatory adjuvants to
the secondary lymph nodes.154 Generally, the intramuscular
administration route is preferred in vaccination; however, it
would be more efficient to design vaccine delivery systems for
targeting mucosal tissues or to be administered subcuta-
neously.155,156 Furthermore, encapsulation of antigens inside
NPs provides sustained-release properties that prevent adverse
reactions in patients and ensure prolonged antigen presenta-
tion.24 Cationic NPs could be used for entrapment or
encapsulation of anionic DNA or RNA vaccines.143,157,158

Very recently, a SARS-CoV-2 vaccine (mRNA-1273, by
Moderna) has shown around 95% efficacy in Phase III clinical
trials. The formulation is lipid NP-based and could be kept in
regular freezers or refrigerators.159 Another Lipid NP-based
mRNA vaccine was developed by Pfizer−BioNTech and on
December 11, 2020 received first emergency use authorization
(EUA) from the FDA to be distributed and used for
vaccination in the U.S..160,161 It is noteworthy to mention
that all safety aspects and probable toxicity of materials used in
nano-based vaccines need to be concisely evaluated when
formulating and also after administration.162,163

4.1.1. Viruslike Particles (VLPs). Designing natural VLPs
was supposed to be an efficient approach to develop NP
vaccines for coronaviruses. Indeed, VLPs as self-assembled
NPs derived from a variety of viruses lacking in their DNA or
RNA genomes could be considered in vaccine preparations.164

The first approved VLP NP vaccine (∼22 nm) was introduced
against human hepatitis B virus,165 and until now, some other
VLP formulations have been suggested or commercially
available for vaccination.150,166−168 VLPs have been produced
using bacteriophages and viruses infecting plants, mammals, or
insects.169 These structures are appropriate candidates for
vaccine preparation, presenting viral antigens on the surface
while simultaneously encapsulating other viral antigens.170,171

In addition, some VLPs such as CPMV (cowpea mosaic virus)
keep their stability at harsh conditions of over 60 °C and a
range of acidic to basic pH.172 Therefore, VLPs show attractive
properties that could be utilized for vaccine development.
Regarding the outbreak of MERS-CoV, its VLPs were

produced using baculovirus and inoculated to Rhesus macaques
with alum (aluminum salts) adjuvant.173 It was demonstrated
that this vaccine could lead to induction of neutralizing
antibodies and evoke functions of T-helper1 (Th1) cells.
Previously, it is reported that vaccination using alum adjuvant
could only induce humoral immunity.174 However, cellular
immune responses would be required for a more effective
immunization against SARS-CoV-2. In addition, the memory T
cells specific to SARS-CoV persisted up to 6−11 years
postinfection in spite of memory B cells and neutralizing
antibodies that significantly reduced in 1−2 years after
infection.175,176 It is also reported that SARS-CoV vaccines
that elicit T-helper2 (Th2) cell immune responses may lead to
immunopathology of the lungs.177 Alum-formulated vaccines
might show induction of Th2 responses.156 On the contrary,
vaccines that activated Th1 illustrated boosted immunities
without lung immunopathology.178 Th1 activation after
immunization with the VLP plus alum vaccine could be

Figure 7. (a) Self-assembled NPs of peptide monomers containing HRC1 trimeric domain of SARS-CoV, a linker, and pentameric domain.
Reprinted in part with permission from ref 185. Copyright 2008 John Wiley and Sons. (b) Scheme for Au NPs surface-conjugated with S protein of
an avian coronavirus and (c) TEM images of S protein-Au NPs (left) and avian coronavirus (right), scale bars = 50 nm. Reprinted in part with
permission from ref 199. Copyright 2016 Elsevier. (d) Illustration of a PLGA nanocapsule containing STING agonist and displaying RBD of
MERS-CoV and (e) TEM micrograph of PLGA nanocapsules (scale bar = 100 nm). Reprinted in part with permission from ref 200. Copyright
2019 John Wiley and Sons.
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attributed to the VLP properties. Moreover, to develop self-
assembled chimeric VLPs (∼25 nm in diameter), Wang et
al.179 prepared a fused protein of the RBD of MERS-CoV and
VP2 protein of canine parvovirus. Mice vaccination with RBD-
displaying spherical VLPs exhibited induction of neutralizing
antibodies and secretion of IFN-γ, IL-2, and IL-4. Also,
elicitation of Th1 and Th2 activities was observed. In another
investigation, recombinant adenoviruses encoding S protein of
MERS-CoV (Ad5/MERS) were introduced by Jung et al.180

They also prepared alum-adjuvanted S protein NPs for a
comparison and heterologous/homologous prime-boosting
vaccination approaches were applied. Both formulations
could induce IgG against MERS-CoV in mice but homologous
immunization with Ad5/MERS did not result in induction of
neutralizing antibodies. Furthermore, vaccination with only S
protein NPs (with adjuvant) could not activate Th1. Other
studies on S protein NPs have not reported cellular immunity
responses too.181,182 According to the previous studies, viral
peptide or protein subunits could only induce humoral
immunity responses141 and such immunity might not persist
for a long time. The results illustrated that immunization with
Ad5/MERS followed by applying S protein NPs as a booster
could successfully help induction of neutralizing antibodies as
well as eliciting Th1 and Th2 cells immunities. Recently, Xu et
al. reported production of SARS-CoV-2 VLPs using mamma-
lian cells.183 They have shown that VLPs assembled in HEK-
293T cells and Vero E6 cells have sizes of 90.33 ± 32.45 nm
and 71.02 ± 21.98 nm, respectively. Moreover, their findings
demonstrated that among structural proteins of the virus, M
and E ones are essential in the VLP assembly. Also, VLPs
produced by Vero E6 cells were more stable and contained
higher amounts of S glycoprotein. Indeed, utilization of
mammalian cells provided better and concise glycosylation of
viral proteins that is necessary for natural virus VLP formation.
According to the results, it seems that constructing VLPs
composed of only antigenic subunits but not all structural
proteins would be helpful in strong stimulation of the immune
responses.
4.1.2. Subunit Peptide/Protein NPs. Protein subunits, as

viral antigens, have been utilized in developing antiviral
vaccines. However, presenting low levels of immune responses
in vivo and being susceptible to degradation restrict their
efficacy. For an efficient immunization, the peptide or protein
subunits would be utilized with adjuvants or encapsulated
inside NPs. Peptide vaccines could only induce humoral
immunity responses, and their loading inside the NPs would
facilitate elicitation of T cell responses.184 Utilizing self-
assembled peptide/protein NPs has been among the first
strategies to prepare coronavirus vaccines. Pimentel et al.
published an article on such NP formulations.185 They
synthesized self-assembled polypeptide NPs out of monomers
containing a pentameric domain (from the cartilage oligome-
rization matrix protein), a de novo designed linking sequence
and a trimeric domain containing C-terminal heptad repeat
(HRC1) of SARS-CoV S protein (Figure 7a). The study
utilized a domain of the S protein as it was previously
demonstrated that using an intact S protein facilitated
antibody-assisted viral internalization into the B lympho-
cytes.186 Further, previous immunization of ferrets using a
whole S protein of SARS-CoV exhibited hepatitis complex-
ities.187 In the study of Pimentel et al., immunization of BALB/
c mice using the self-assembled polypeptide NPs led to
induction of neutralizing antibodies without using adjuvant.

Wiley et al. developed a potential vaccine against SARS-CoV
utilizing protein cage NPs obtained from small heat-shock
protein (sHsp 16.5).188 The sHsp was cloned according to its
genetic origin in Methanocuccus jannaschii DNA. Through the
investigation, mice were pulmonary-instilled with sHsp before
being infected with SARS-CoV. The results demonstrated a
lack of signs of lung damage (serum albumin and lactate
dehydrogenase in broncho-a lveolar lavage fluid
(BALF)).189,190 Also, no morbidity was observed. Additionally,
recovery from the inflammatory responses was observed in
sHsp pretreated mice. As mentioned before, the drastic
immunologic responses that lead to pulmonary inflammation
is a health threat in SARS-CoV-2 infected patients. Therefore,
any strategy to reduce the inflammatory responses of immune
cells or their related cytokines may help treat the disease.
In another investigation, RBD of MERS-CoV S protein-

linked bacterioferritin monomers were self-assembled utilizing
RNA chaperones (chaperna).191 It has been reported that
RNA molecules could be considered as chaperones which help
folding and assemblage of monomers into NPs.191−193 The
prepared NPs could display trimeric RBDs for attachment to
DPP4 receptor of target cells. The results of mice
immunization using the obtained NPs illustrated strong
induction of IgG and CD4+ T-cell responses. Ma et al. have
recently developed a ferritin-based NP vaccine against SARS-
CoV-2.194 These NPs contained RBD and/or HR subunits of
viral S protein. The results proved that NP-subunit
formulations were more effective in the induction of
neutralizing antibody production and T cell immunity in
mice compared to free monomers. The NP-based vaccine
could reduce the SARS-CoV-2 load in mice lungs and also
elicited humoral and cellular immunity against diverse
coronaviruses. In a similar study, RBD-conjugated ferritin
nanoparticles were prepared using a SpyTag/SpyCatcher
strategy.195 All findings support the idea of utilizing self-
assembled ferritin NPs as an efficient carrier for SARS-CoV-2
antigens toward vaccine development.
In another attempt, a self-assembled NP vaccine was

prepared using proteins 10 (NSP10s) and 11 of SARS-CoV
replicase polyprotein 1a.196 As zinc finger transcription/
regulatory proteins, the NSP10s have only been reported in
coronaviruses. They show the ability of self-assembling to form
hollow NPs with outer and inner diameters of 8.4 and 3.6 nm,
respectively.197 These NPs were introduced for vaccination
against the Herpes virus saimiri (HVS) related idiopathic
pulmonary fibrosis (IPF). IPF is a pulmonary syndrome in
older adults that is associated with myofibroblast invasion and
destructive actions in lung epithelium.198

In other studies by Coleman et al., NPs of intact S proteins
from SARS-CoV and MERS-CoV were separately synthesized
through cloning of the genes and then the protein purification
process and final elimination of the detergents.181,182 Their
results showed that the S protein NPs could generate notable
amounts of specific neutralizing antibodies only against
homologous coronaviruses. Also, application of alum and
matrix M1 adjuvants enhanced the immune responses. Very
recently, Keech et al. reported the anti-SARS-CoV-2 phase 1−
2 immunization utilizing the NVX-CoV2373 nanovaccine.201

The protein NPs introduced by Novavax were comprised of
SARS-CoV2 full-length S protein that was used with or
without matrix-M1 adjuvant. Through the immunization
process, 131 healthy adults were vaccinated, and then, 21
days later the second injection was performed. The results
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approved that after 35 days, the NP-based nanovaccine was
safe and, with only a mild fever continuing for 1 day in one of
the participants, no other adverse effects were detected. Also,
the primary immunization by NVX-CoV2373 (recombinant S
protein with Matrix-M1) led to the induction of anti-S protein
IgG and after the second vaccination, neutralizing the humoral
immunity. Meanwhile, matrix-M1 adjuvant elicited the Th1
immune responses. Accordingly, the authors announced the
start of following phase 2 and phase 3 stages.
4.1.3. Gold NP-Based Anti-Coronavirus Vaccines. Metallic

NPs such as Au NPs have been used in vaccine preparations.
These NPs could be synthesized in different sizes and surface
chemistries resembling viruses and also proposed for other
vaccination purposes.202,203 The surface of the Au NPs would
be simply decorated with different functional groups and
antigenic molecules.204 Indeed, molecules bearing thiol groups
easily bind to the surface of Au NPs. Accordingly, in an
interesting study, synthetic VLPs were synthesized using avian
coronavirus S proteins decorating Au NPs (100 nm) (Figure
7b,c).199 The conjugated S proteins form a protein corona
around the Au NP. Immunization of BALB/c mice with these
synthetic VLPs, compared to the vaccination by pure proteins,
led to production of higher antibody concentrations. Authors
also observed elevated immune responses of T lymphocytes
and decreased infection symptoms in the animals. Moreover,
two different gold NP-based vaccines were studied against
SARS-CoV.205 Immune responses of S protein-conjugated Au
NPs (40 and 100 nm) were compared to a combination of S
protein/TLR agonist adjuvant (lipopolysaccharide, poly(I:C),
and poly(U)). The spherical Au NPs were utilized to
simultaneously serve as a SARS-CoV antigen carrier and also
as a vaccine adjuvant.146 The results of BALB/c mice
immunization represented that there were no significant
differences between immunological activities of 40 and 100
nm Au NPs. Although, the NPs succeeded to induce notable
antibody responses; however, despite S protein/TLR adjuvant,
their action to decrease eosinophilic infiltration in lungs was
not successful. Furthermore, only the S protein/TLR adjuvant
could raise the levels of IL-17 in vaccinated mice proposing the
stimulation of Th17 response in this case. Accordingly,

antigen-associated solid NPs applied in immunization purposes
may help induce some activities of the immune system toward
treatment of coronavirus infections.

4.1.4. Polymeric NPs for Anticoronavirus Vaccine
Preparation. Natural and synthetic biodegradable polymeric
NPs have been utilized in the development of different
vaccines.132 These NPs could encapsulate antigens to protect
their structure against degradation and also provide controlled-
release systems for a prolonged antigen presentation.206,207

Some polymeric NPs serve as adjuvants to enhance the
immunity responses.208 In addition, stimuli-responsive poly-
meric NPs could be designed for controlled delivery of
antigens209 and development of nasal bioadhesive vaccines.210

Furthermore, cationic polymeric NPs help in the formulation
of nucleic acid-based vaccines;157,211,212 however, adverse
effects including inflammatory responses, toxicity, and
clearance by macrophages in the mononuclear phagocytic
system (MPS) are reported.213,214 Regarding the demand for
immunization against coronaviruses, some attempts on
polymer NP vaccine preparations have been reported. In a
study, plasmid-entrapped biotinylated chitosan NPs decorated
with a targeting protein was intranasally administered to
BALB/c mice.215 The fusion protein contained streptavidin
and single chain antibody fragment (scFv) targeted DEC-205
receptors on the nasal dendritic cells. DEC-205 or CD205 is a
C-type lectin receptor mainly in immature dendritic cells,216

and its targeting would be an approach to stimulate CD4+ and
CD8+ T lymphocytes. The obtained NPs showed a mean
hydrodynamic size of 210 ± 60 nm and zeta potential of 10 ±
1.7 mV. Compared to nasal administration of neat plasmid that
resulted in no immunity, the reported NPs could highly
produce IgG and mucosal IgA to defend against SARS-CoV N
protein. In a recent investigation, Lin et al. developed a PLGA-
based nanocapsule (114 nm, shell thickness ∼10 nm), surface-
displaying RBD of MERS-CoV. They loaded the nanocapsules
with stimulator of interferon genes (STING) agonist (Figure
7d,e).200 As an adjuvant, STING is capable of promoting
overexpression of type I INFs and other cytokines involved in
pro-inflammation processes.217 The obtained NPs illustrated a
pH-responsive burst release of the payload at acidic pH, as a

Figure 8. Scheme for a liposomal vaccine, surface-decorated with the S1 subunit of SARS-CoV-2 with TLR-4 and TLR-9 agonists entrapped in the
phospholipid bilayer and the core of the liposome, respectively. Reprinted in part with permission from ref 156. Copyright 2020 American
Chemical Society.
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result of PLGA polymer hydrolysis, that ensured efficient
cellular delivery of the adjuvant. The results showed that
PLGA NP-based mice vaccination elicited neutralizing anti-
bodies and T cell immunological responses without inducing
unfavorable eosinophilic immunopathology.
4.1.5. Lipid-Based NP Vaccines. The successful application

of lipid NPs in vaccine development has also been considered
due to their safety, ease of preparation, and control of NP
characteristics.218−220 Recently, these NPs have been among
the most investigated nanoparticles for development of
vaccines against COVID-19. Synthesized by ionizable/cationic
lipids or phospholipids, different peptide/protein antigens or
viral nucleic acids, especially viral RNA, were loaded into the
NP vaccines. In this respect, Liu et al. recently developed
cationic liposomes, surface electrostatically functionalized with
a S1 subunit of SARS-CoV-2 (Figure 8).156 Further, two
adjuvants including TLR-9 agonist (CpG oligodeoxynucleo-
tide) and TLR-4 agonist (amphiphilic adjuvant mono-
phosphoryl lipid A) molecules were loaded inside the particle
core and lipid bilayer, respectively. The adjuvant molecules
serve as PAMPs that could be recognized by TLRs to start the
activation of T cell responses. The obtained particles (∼150
nm in diameter) would resemble the virus structure and deliver
molecules to promote immune responses. After subcutaneous
injection, the findings illustrated that the liposomal vaccine
could induce humoral and cellular immunity in mice. The Th1
and Th2 immunities were attributed to the TLR-4 agonist,
while the TLR-9 agonist could boost Th1 responses. The
nanovaccine also induced strong IgA production against the S1
subunit. Knowing that the nasal ciliated and goblet cells are the
first targets of SARS-CoV-2,221 promoting mucosal immunity
through IgA production would be an efficient way against
infections.
DNA or mRNA sequences related to viral antigens could be

applied in development of nucleic acid vaccines. Despite other
approaches, these vaccines do not require a culture of viruses
or production of recombinant peptide/protein antigens.155 It is
reported that identical to protein subunit vaccines or
inactivated ones, nucleic acid vaccines might need more than
one immunization process to get the adequate protective
efficacy.222 RNAs encoding viral antigens have been considered
in designing efficient vaccines. These RNAs could transiently
be translated to the viral peptide/protein antigens inside the
target cells and are not inserted to the host cell genome.
Previously, application of a lipid NP formulation containing
therapeutic RNA has been clinically approved.223 Therefore,
RNA vaccine would be safe in prophylactic immunization
applications. Very recently, Mulligan et al. have reported phase
I/II clinical trials of the BNT162b1 as a lipid NP-based
vaccine.224 The NPs were comprised of a mixture of ionizable
lipid/phosphatidylcholine/cholesterol/PEG-lipid and encapsu-
lated the mRNA encoding RBD and T4 fibritin-derived foldon
trimerization domain. To ensure the decreased recognition and
activation of innate immune cells against the RNA vaccine, 1-
methyl-pseudouridine was used for RBD mRNA modification.
Through the clinical trials, the prepared nanovaccines were
intramuscularly injected to 45 adult healthy participants. Either
group of participants was immunized by 2 times of inoculation,
21 days apart, with 10, 30, or 100 μg of the vaccine. The most
common local or systemic reactogenicity were pain at the
injected sites, fatigue, and headache in the 7 days after
immunization. Therefore, injection of 100 μg of BNT162b1
was not followed for the second time. The findings

demonstrated that BNT162b1 could induce anti-SARS-CoV-
2 binding IgG and neutralizing antibodies production and
increase the antibody titers according to the administered dose
and after the second inoculation. However, the probable T cell
immunity after vaccination is not reported. In a comparative
study, immunity of another formulation, named BNT162b2,
having RNA to encode full-length S of SARS-CoV2 was
investigated.225 The results demonstrated that BNT162b2
injections led to less severe systemic reactogenicity compared
to BNT162b1. Therefore, the data supports continued clinical
phase II/III trials for BNT162b2.225 Zhang et al. formulated
lipid NPs containing SARS-CoV-2 RBD mRNA using an
ionizable lipid, PEG-lipid, cholesterol, and 1, 2-distearoyl-sn-
glycero-3-phosphocholine (DSPC). This liquid vaccine for-
mulation, named ARCoV (mean diameter, 88.85 nm;
encapsulation efficiency, over 95%), proved to be immunoeffi-
cient and stable at 4 °C and room temperature for 1 week at
least. The findings of the intramuscular inoculation of mice and
then nonhuman primates demonstrated a strong induction of
anti SARS-CoV-2 neutralizing IgG and also Th1-biased
immune responses. The phase 1 clinical trials are now being
conducted for ARCoV.226 In another attempt, Lu et al.
compared the immunity potential of three different mRNA
vaccines encoding RBD, S protein, or complete VLP structural
proteins produced in HEK293A cells. The mRNAs were
encapsulated in 100 nm lipid nanoparticles with efficiency of
over 98%. Intramuscularly immunized mice demonstrated that
VLP producing vaccines induced higher binding antibody titers
for S protein compared to other vaccines. Also, the average
neutralizing antibody titers at week 4 were 2.5 times more than
that of S protein vaccine. In addition, no specific antibodies
were found for M and E proteins of the VLPs in immunized
mice demonstrating the importance of S protein in immune
responses against SARS-CoV-2. The findings also illustrated
that VLP producing vaccines elicited strong responses of T
cells against SARS-CoV-2 VLP and S protein.227

An alternative approach in RNA vaccine development would
be designing replicon (self-amplifying) RNA vaccines.228 Such
RNAs encode viral RNA polymerase along with the needed
viral antigen. Administration of replicon RNA to the cells
provides many antigen mRNA replicates and consequently
leads to the stronger long-lasting immunization efficacy. In this
regard, Erasmus et al. introduced lipid inorganic nanoparticles
(LIONs) comprised of Span 60, Tween 80, and 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP).229 These cationic
emulsions contained squalene as an adjuvant, and also Fe3O4
superparamagnetic iron oxide NPs (SPIONs, 15 nm) were
sequestered in the oil phase. Upon addition of the negatively
charged replicon RNAs to the emulsion, their electrostatic
interaction with cationic particles forms the final vaccine NPs
(hydrodynamic size, 90 nm). Mice immunization with single
intramuscular inoculation of the NPs resulted in IgG
production against SARS-CoV-2 spike protein and Th1
responses. Following a prime/boost approach, T cell immune
responses were increased. However, in nonhuman primates,
both prime-only or prime/boost led to the modest T cell
immunity but strong IgG production. In another study by
McKay et al., these lipid NP formulations (hydrodynamic
diameter, 75 nm) were utilized to encapsulate replicon (self-
amplifying) RNAs encoding SARS-CoV-2 S protein. BALB/c
mice prime/boost regimen immunization. High doses of anti-
SARS-CoV-2 IgG was detected in sera in a vaccine dose-
dependent manner. Also, higher neutralizing titers were
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observed that is consistent with the study of Mulligan et al. In
addition, Th1-biased immune responses were elicited by lipid
nanovaccine.230

4.2. Nanoparticles Suppressing Cell Infections of
Coronaviruses. Among all kinds of nanomaterials, metallic
and carbon-based NPs would be promising in the development
of antiviral formulations against COVID-19.231 In the
following sections, the capabilities of mentioned NPs against
viruses have been discussed. However, in vivo interactions,
safety, and toxicity of these NPs need to be completely
studied.232

4.2.1. Metallic NP as Coronavirus Infectivity Suppressors.
Ag NPs are well-known for their intense antibacterial and
antiviral properties.233 It is proposed that theses nanoparticle
could directly interact with or change the integrity of the
surface structural proteins of viruses resulting in inhibition of
target cell entry. Indeed, silver nanoparticles could break the
disulfide bonds of viral structural proteins. Suppressing the
activity of silver NPs (<10 nm in diameter) against HIV-1 is
attributed to the NP interactions with thiol groups of the viral
envelope gp-120, inhibiting its attachment to target cells.234

Consequently, viral entry to the host cell is prevented. Particle
size is an important factor rendering viral entry inhibitor

properties, where smaller particles having higher surface area
interact more effectively with viruses.235 Interactions of Ag
NPs with viral double stranded DNA would lead to
suppression of the replication process.236 A recent inves-
tigation of the influence of Ag NPs on SARS-CoV-2 illustrated
that 10 nm Ag NPs could effectively prevent cell entry by
affecting the integrity of the viral structure.237 The potential
antiviral activity of solid Ag nanomaterials against coronavi-
ruses was explored on transmissible gastroenteritis virus
(TGEV, the cause of severe porcine diarrhea).238 The
investigation results suggested that Ag NPs (<20 nm) and
Ag nanowires (60 and 400 nm) would interact with surface
proteins of the virus including S proteins. Therefore, changes
in structural conformation of proteins occur that leads to
prevention of their binding to the porcine aminopeptidase N
(pAPN) receptor. Moreover, by regulation of the p38/
mitochondria-caspase-3 pathway, Ag NPs and nanowires
could reduce the rate of cell apoptosis after viral infection.
Ag colloids (∼10 nm) induced no significant anti-TGEV
function, probably due to its overall coating by polyvinylpyr-
rolidone (PVP) during the synthesis procedure compared to
other particles. Totally, it should be noticed that toxic effects of
Ag NPs are not specific to viral proteins or genetic materials

Figure 9. (a) Peptides of MERS-CoV S protein (fusion peptides, HR1 and HR2 trimeric domains) interacting with DPP4 receptor on the target
cell. (b) Suppressing effect of CQDs containing boronic acid on infectivity of HCoV-229E coronavirus with the target cell. Reprinted in part with
permission from refs 245 and 28, respectively. Copyright 2019 American Chemical Society.
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and may generally disrupt human cell natural functions leading
to cytotoxicity. Therefore, all safety aspects of these NPs
should be considered.239

Antiviral activity of Gold NPs has been previously
demonstrated against different viruses.240 Gold NPs could
suppress virus internalization to the target cell by interacting
with and oxidizing disulfide bonds in hemagglutinin.241

Moreover, negatively charged Au NPs, especially with surface
sulfonate or thiol groups, interact more favorably with virus
hemagglutinin that leads to inhibition of the viral entry.242,243

In this respect and through molecular dynamics simulations,
Mehranfar et al. suggested Au NPs functionalized with 15
amino acid peptides of ACE2 that directly interacts with RBD
of SARS-CoV-2 S protein.244 Their findings illustrated that
interactions of these NPs with RBD have higher stability than
that of ACE2; therefore, peptide-decorated Au NPs could be
potential antiviral agents against SARS-CoV-2. To develop
another antiviral formulation, heptad repeat 1 (HR1) inhibitor-
conjugated Au nanorod (NR) has been synthesized.245 The
NR conjugates were further PEGylated to increase their
stability and ensure prolonged blood circulation and to
diminish their uptake by reticuloendothelial system
(RES).246,247 As mentioned before, the S1 subunit of the
MERS-CoV S protein binds to DPP4 receptors of the host
cells.42 Thereafter, fusion peptides of the S2 accommodate into
the target cell membrane. HR1 and HR2 trimeric domains of
S2 shape a complex or bundle of six helices (6HB). Then,
envelope-membrane fusion occurs that is followed by viral
RNA release in cytosol (Figure 9a). The pregnancy-induced
hypertension (PIH) peptide-conjugated NR (size, ∼54 nm ×
18 nm; zeta potential, ∼−35 mV) indicated an enhanced
inhibitory effect on formation of 6HB. Therefore, viral
internalization to the cells was efficiently suppressed by NR
conjugates. Recently, Du et al. developed Au@Ag nanorods
and approved their antiviral activity against PEDV coronavi-
ruses.248 The authors also suggested that these nanoparticles
would be promising against SARS-CoV-2. Their findings
illustrated that Au@Ag nanorods could efficiently suppress cell
entry of the PEDV and reduction in the potential of the
mitochondrial membrane. Also, these nanorods decreased the
activity of caspase-3, which is the regulatory protein that
mediates cell apoptosis after its infection with PEDV. Au@Ag
nanorods could reduce the expression of caspase-3 and then
harness the PEDV infectivity. Moreover, release of Ag+ ions off
the surface of the nanorods due to the high concentration of
reactive oxygen species (ROS) in PEDV infected cells led to a
reduction in the virus entry. It could be attributed to the
interactions of Ag+ ions with thiol and phosphate electron
donors in proteins or nucleic acids.249 It was further shown
that after endogenous etching of the silver (by ROS) from Au
nanorods, these nanoparticles could efficiently suppress
replication of the viruses.248

4.2.2. Carbon Nanomaterials as Antivirals. Among various
nanomaterials, carbonaceous nanostructures would provide
promising capabilities to combat against viral infections. 2D
graphene oxide (GO) nanomaterials and its derivatives may
suppress virus entry to the target cells by competitively binding
to and blocking the cell receptors. In addition, GO may change
the conformation of viral proteins to inhibit their infectivity
potential. The efficient antiviral activity of GO against HSV-1
is demonstrated compared to 2D nanoflakes of MoS2.

250 GO
and reduced graphene oxide (rGO) illustrated stronger
antiviral properties compared to graphitic materials on

pseudorabies virus (PRV) and PEDV coronavirus.251 More-
over, electrostatic adsorption of viruses to the negatively
charged PVP (polyvinylpyrrolidone)-coated GO, but not
positive GO nanomaterials, was reported.251 The presence of
different functional groups including hydroxyl, carboxylate, and
epoxide would help interactions with the viruses. Indeed,
negatively charged GO has shown antiviral activity to some
extent against feline coronavirus (an enveloped virus) via
electrostatic interactions with the positively charged membrane
of the virus.252 However, these materials did not show any
inhibitory effect on the nonenveloped viruses. Thus, Ag NPs
were added to GO to induce interaction and inactivation of
nonenveloped viruses.252 Therefore, GO and its derivatives
would be considered as promising antiviral agents against
SARS-CoV-2 or other enveloped ones.
Another carbon-based nanomaterial, water-soluble carbon

quantum dots (CQDs) with diameters under 10 nm, have also
attracted researchers to develop NP-based antiviral formula-
tions. These spherical particles exhibit special fluorescence
emissions, photostability, and biocompatibility that renders
their applicability in preparing nanosensors, drug carriers, and
theranostic systems.253−255 Antiviral activities of carbon dots
have been previously demonstrated against HIV.256 Having
hydroxyl and carboxylic functional groups on their surface,
CQDs would interact with viral structural proteins. Moreover,
positively charged CQDs with amine groups strongly inhibited
viral infectivity.257 Also, phenyl-boronic acid functionalization
of CQDs has been proved to be effective against HIV
infections.258 Indeed, boronic acid on the CQDs shows high
binding affinity to a glycosylated viral envelope. Loczechin et
al. have recently synthesized anticoronavirus CQDs (4.5−6.5
nm) by the hydrothermal approach.28 Afterward, boronic acid
modification of CQDs from ethylenediamine/citric acid
precursor was performed, and no other chemical alterations
were carried out on the CQDs made of aminophenylboronic
acid (Figure 9b). The latter one demonstrated 10-fold lower
EC50 (5.2 ± 0.7 μg/mL) for inactivating human coronavirus
(HCoV-229E). It is suggested that through their boronic acids,
CQDs interact with the S protein of the coronavirus. Thus,
CQDs hinder binding of the virus to DPP4 of the host cell that
consequently hampers virus entry and infectivity. Moreover,
these CQDs could significantly inhibit viral replication.28 In a
similar strategy, cationic curcumin-based carbon dots (CCM-
CD, size ∼1.5 nm; zeta-potential ∼15 mV) synthesized by
pyrolysis illustrated antiviral potentials against porcine
epidemic diarrhea virus (PEDV).259 CCM-CD was electro-
statically bound to the surface proteins of the PEDV
coronavirus which made their structural changes and prevented
attachment to the receptors on the target cells. Also, the results
illustrated that CCM-CD might give rise to aggregation of the
viruses. Besides, the NPs inhibited virus budding from the cells
and also triggered production of pro-inflammatory cytokines.
The efficient anti-PEDV activity of CQDs has also been shown
by Tong et al. where they utilized glycyrrhizic acid as a
precursor for CQD synthesis.260 All of these studies
demonstrate the great potential of these NPs against infections
of coronaviruses.

4.3. Prospects for NP-Based Anti-SARS-CoV-2 Drug
Formulations. 4.3.1. Currently Used Drugs against SARS-
CoV-2. Since the beginning of the SARS-CoV-2 outbreak, a
variety of different existing drugs have been repurposed to fight
against COVID-19.262,263 Favipiravir is an antiviral drug that
has been previously administered against influenza virus.264 It
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is an analogue for guanosine nucleotide that would be used to
change the sequence of viral RNAs when being newly
replicated. Although being involved in clinical trials in different
countries, it is not approved as a specific drug against SARS-
CoV-2 yet.265 Another antiviral drug, remdesivir, is an
adenosine analogue.266 The drug was first applied against
Ebola.267 However, after different clinical trials,268 WHO
concluded that remdesivir is not effective on SARS-CoV-2.269

Chloroquine (4-aminoquinoline), originally being used to
treat malaria and also hydroxychloroquine have been applied
against COVID-19.270 Chloroquine has shown anti-inflamma-
tory properties, prevention of virus internalization to the target
cells, and zinc ionophore activity.271,272 The latter leads to an
increased concentration of zinc inside the cytosol and
consequently inhibition of viral RNA polymerase.273 Hydroxy-
chloroquine has been developed to reduce the adverse effects
of chloroquine. Nevertheless, the drug did not demonstrate
significant efficacy as a therapeutic agent against COVID-
19.274 Protease inhibitor drugs are other potential molecules in
combat against SARS-CoV-2 infections. In this respect,
lopinavir/ritonavir combination, previously used against HIV,
has been considered.275 However, after a variety of clinical
trials, the WHO concluded that the combination has not
shown efficacy in treating SARS-CoV-2 infected patients.276

Inhibition of TMPRSS2, as a serine protease that mediates
entry of SARS-CoV-2 to the host cells, could be a promising
remedial approach. Accordingly, some clinical trials are being
conducted using camostat and nafamostat against COVID-
19.277 Also, a variety of different drugs and approaches
including protease inhibitor delivery using extracellular
vesicles,278 carbohydrate receptors as viral inhibitors,279 and
antiviral phytochemicals280 have been suggested against SARS-
CoV-2. Nevertheless, more investigations are required to find
the certain and specific drug for COVID-19 therapy.
4.3.2. Drug Discovery Using Nanotechnology. Regarding

the above-mentioned repurposed drugs for COVID-19, no
drugs have been approved as effective therapeutics against
SARS-CoV-2 yet. Therefore, discovering/screening novel
therapeutic molecules is highly needed. Currently, in silico
analyses of chemical informatics including molecular dynamics
and docking are being used to simulate SARS-CoV-2 drug−
target interactions.281−283 In addition, molecular dynamics has
been applied in simulation studies of targeting and internal-
ization of NPs into the cells.284,285 In this regard, computa-
tional analyses provide great opportunities in new drug
discoveries and understanding the mechanisms of NP−virus
or NP−cell interactions.
In a more practical approach, nanosensors would be used as

efficient antiviral drug discovery systems. In this respect,
developing lab-on-a-chip devices has been considered for drug
discovery applications.286,287 Utilizing these systems, the
current need for animal pharmacokinetic evaluations is fulfilled
with small but precise chip devices. The only attempt to
develop a nanoparticle-assisted biochip for drug discovery
against SARS-CoV N protein is reported by Roh et al.288

Coronavirus N proteins were immobilized on the ProLinker-
coated glass chip, then RNA oligonucleotide-conjugated
quantum dots (QD605) were attached to the N proteins.
Afterward, a group of polyphenolic compounds were added
onto the chip to screen their inhibitory effects against N
protein. By analyzing the changes in fluorescence intensity, a
notable inhibition activity by (−)-catechin gallate and
(−)-gallocatechin gallate were revealed. Indeed, these mole-

cules could reduce the binding affinity in a concentration-
dependent profile. This study sheds light on the road to
develop sophisticated devices for fast and precise discovery of
drugs in pandemic conditions.

4.3.3. Nanodrug Delivery Systems against COVID-19. NP-
based drug delivery should be considered as an efficient
approach to overcome the limitations of conventional antiviral
drug administration. The routine antiviral therapy encounters
poor aqueous solubility, increased probability of biodegrada-
tion, liver-biliary and renal clearance, and decreased bioavail-
ability.56,289 Nanoparticle carriers would reduce the adminis-
tered drug dose and associated toxicity as well as increasing
bioavailability via changing pharmaco-kinetics/dynamics of the
drugs. Moreover, nanoparticles could be designed as actively
targeted and stimuli-responsive drug delivery systems to
specially aim at pathogens or infected cells.29,290 In this regard,
pH-responsive lipid NPs containing antiretroviral drugs have
been previously designed.291 Targeted NPs have the ability to
pass the drugs across the biological barriers. Furthermore,
patient compliance would be increased by applying NP carriers
with controlled or sustained drug release capabilities.290 In
recent years, some of NP-based drug delivery systems have
been approved against viral diseases. Nanoemulsion formula-
tions, ritonavir (Norvir) and saquinavir (Fortovase), as
inhibitors of HIV protease, and dendrimer-based anti-HIV/
anti-HSV (herpes simplex virus) formulation (Vivagel) have
been introduced.289 Also, through different research studies,
some NP-based formulations have been proposed. In one
study, lactoferrin NPs were loaded with antiretroviral
zidovudine and illustrated increased effectiveness and lower
toxicity than free drug formulation.292 Cholesterol-modified
hydroxychloroquine molecules loaded in a liposomal for-
mulation was prepared by Liu et al. They showed that these
liposomes could reduce the applied hydroxychloroquine dose
and related toxicities as well as suppressing lung fibroblast
proliferations. In such conditions, pulmonary fibrosis was
decreased.293 Hu et al. reported PEG−PLGA NPs loaded with
diphyllin, a blocker of vacuolar ATPase, to fight against feline
coronavirus. Diphyllin suppresses acidification of endosomes
dose-dependently and thereby prevents viral genome release
into the cytosol. Further, the study showed appropriate
compliance of the mice with high doses of diphyllin NPs.294

Very recently, an oral nanomicelle formulation of curcumin
administered to COVID-19 patients in clinical trials resulting
in a faster elimination of symptoms.295 In another study,
niclosamide-loaded lipid NPs illustrated suppression of SARS-
CoV-2 replication in vitro.296 Also, some clinical trials using
stem cell-derived exosomes are currently in progress against
COVID-19.297 Exosomes are bilayer vesicular particles of 30−
100 nm, especially secreted by mesenchymal stem cells. These
extracellular particles contain microRNA, proteins, and lipids
and are responsible for signaling to adjacent or distant cells.298

Also, these biological NPs illustrated anti-inflammatory,
antiprotease, and immuno-modulatory capabilities.299 Owing
to these special properties, exosomes would be promising in
COVID-19 therapy. In addition, these NPs could be loaded
with antiviral drugs of interest for an enhanced therapeutic
effectiveness.

■ CONCLUSION
The pandemic spread of SARS-CoV-2 has influenced all
aspects of our lives and unfortunately led to millions of
infections and deaths worldwide. Hence, there is an urgent
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need to provide coronavirus rapid diagnostics and therapeutics.
Nanomaterial-incorporated assays and devices have shown
notable detection capabilities over the conventional ap-
proaches. Accordingly, a variety of different nanobased
platforms are introduced for diagnosis of SARS-CoV-2.
Among such systems, NP-enabled LFIA and colorimetric
assays provided rapid detection tests. The assays are mostly
based on Au NPs; however, QD-involved approaches have
shown higher sensitivity and specificity.
Moreover, NP vaccine formulations demonstrated a notable

capacity against COVID-19. Indeed, some NP vaccines could
induce neutralizing antibodies and also cellular immunity
responses in vivo. Although, lipid NP-based mRNA vaccines
are already available against SARS-CoV-2, the safety aspects
around these formulations and also capabilities of other NPs in
eliciting immunities against COVID-19 need to be precisely
investigated.
Anticoronavirus activities of NPs by inhibiting cell infections

or suppressing viral replication is also reported. Metallic NPs
and carbon-based nanomaterials illustrated robust antiviral
activities in vitro. Nevertheless, their safe application in vivo
and probable general toxicities to human normal cells should
be taken into account.
Finally, the promising potentials of NPs in increasing the

efficiency of conventional drug discovery/delivery systems
need to be considered. As most of the repurposed drugs show
a broad-spectrum activity, systemic toxicity, and off-target side
effects, preparation of NP-loaded drugs is necessary. In this
regard, routes of administration (oral, intravenous, or nasal)
and also NP compositions require careful selection. Natural
and synthetic polymeric NPs, lipid-based NPs (liposomes,
micelles, emulsions, solid lipid NPs), VLPs, solid metallic and
metal oxide NPs, QDs, and carbonaceous NPs could be used
in anti-SARS-CoV-2 drug delivery applications. Also, in either
route of administration, the cells, tissues, and biological
barriers have different characteristics that require consideration
in the NP design. In conclusion, all of the represented
investigations and NP properties support the idea of preparing
NP-based devices and formulations in the next generation of
coronavirus diagnostics and therapeutics.
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